The electrogenicity, pH-dependence, and stoichiometry of the proton-sucrose symport were examined in plasma membrane vesicles isolated from sugar beet (Beta vulgaris L. cv Great Westem) leaves. Symport mediated sucrose transport was electrogenic as demonstrated by the effect of membrane potential on ApH-dependent flux. In the absence of significant charge compensation, a low rate of sucrose transport was observed. When membrane potential was clamped at zero with symmetric potassium concentrations and valinomycin, the rate of sucrose flux was stimulated fourfold. In the presence of a negative membrane potential, transport increased six-fold. These results are consistent with electrogenic sucrose transport which results in a net flux of positive charge into the vesicles. The effect of membrane potential on the kinetics of sucrose transport was on V,,, only with no apparent change in Km. Sucrose transport rates driven by membrane potential only, i.e. in the absence of ApH, were comparable to ApH-driven flux. Both membrane potential and ApHdriven sucrose transport were used to examine proton binding to the symport and the apparent Km for H was 0.7 micromolar. The kinetics of sucrose transport as a function of proton concentration exhibited a simple hyperbolic relationship. This observation is consistent with kinetic models of ion-cotransport systems when the stoichiometry of the system, ion:substrate, is 1:1. Quantitative measurements of proton and sucrose fluxes through the symport support a 1:1 stoichiometry. The biochemical details of protoncoupled sucrose transport reported here provide further evidence in support of the chemiosmotic hypothesis of nutrient transport across the plant cell plasma membrane.
Although the higher plant is a photoautotrophic organism, it is composed of several heterotrophic tissue systems that are dependent upon carbon import for normal growth and development. Because these tissues represent a large constituency within the plant system, their impact on the overall carbon economy of the plant dictates that as much as 85% of the carbon assimilated during photosynthesis (11) is exported from the leaf to satisfy the metabolic and biosynthetic needs of the import-dependent cells. Despite the significance of carbon redistribution, however, little is known about the regulation and integration of the systems mediating this essential process. Furthermore, even less is known about the membrane proteins which actively transport metabolically important organic compounds such as sucrose, the predominant form of exported carbon, and amino acids. Therefore, a major research interest in this laboratory is on active transport systems found in the plasma membrane that may be involved in assimilate partitioning.
Sucrose and amino acids are actively transported across the plant cell PM' by proton-coupled symports. These transport systems are capable of driving solute accumulation against significant concentration gradients by linking translocation to the free energy available in a ARH+ (3, 4, 8, 17) . It is now well established that the AsH+ is generated by the primary transport activity of the PM proton-pumping ATPase which has been purified and cloned (9, 19, 21) . In contrast, it is just recently that the first biochemical investigations ofthe proton-coupled symport systems were achieved using isolated PMVs and imposed proton electrochemical gradients (2) (3) (4) 13) . These initial reports confirmed the existence of ApH-dependent symports and provided new information about the kinetics, electrogenicity, and inhibitor sensitivity for both sucrose and amino acid transport. Although the tissue specific location of these active transport systems has yet to be determined and, consequently, their exact role in long distance transport is unclear, they are nevertheless good candidates as important participants in assimilate partitioning. In the results reported here, a detailed examination of the electrogenicity, pH-dependence, and stoichiometry of the proton-sucrose symport provides specific information about the biochemical characteristics of this critical transport system. 
MATERIALS AND METHODS

Protein Determinations
Proteins were determined by the method of Markwell (15) after solubilization in 0.02% Na deoxycholate and precipitation in 6.2% TCA (1).
RESULTS AND DISCUSSION Electrogenicity
Because sucrose is an uncharged molecule, proton-coupled sucrose transport should result in a net influx of positive charge into isolated PMVs. However, it is possible that compensating charge is obligatorily translocated by the carrier resulting in an electroneutral exchange. Therefore, it was of interest to determine ifthe sucrose transport system is electrogenic. The electrogenicity of the proton-sucrose symport was explored by examining the effect of A~, on ApH-dependent sucrose transport. A trans-membrane proton concentration difference (basic interior) was generated with a pH-jump as previously described (3) and potassium gradients and valinomycin were used to alter the A6 of the isolated PMVs. In the presence of 10 mm KCI on both sides ofthe vesicle membrane, linear rates of ApH-dependent sucrose transport were observed ( Fig. 1 (2, 13) . In a more detailed study ofthe electrogenicity ofthe protonsucrose symport, the concentration dependence of ApH-dependent sucrose transport was examined as a function of A4, (Fig. 2) . Under conditions of minimum charge compensation, as seen in Figure 1 , low rates of sucrose transport were recorded. When the membrane potential was clamped at zero, however, transport activity was stimulated fourfold at the apparent Km (1 mM) for sucrose. When the KCl loaded vesicles were diluted into a potassium free transport solution in the presence of valinomycin a negative membrane potential developed, as a result of the steep potassium diffusion potential, and a sixfold increase in the rate of sucrose transport was observed (Fig. 2) . The generation of a stable, negative membrane potential under these conditions was confirmed using AO-dependent accumulation of the lipophillic cation tetraphenyl phosphonium (Fig. 3) (18) . The effect of membrane potential on sucrose transport kinetics provides further evidence in support of the electrogenicity of the proton-sucrose symport. These data also indicate that both components of the AAH+, ApH, and AO, can contribute to active sucrose transport.
Lineweaver-Burk plots of the data reporting concentration dependent sucrose transport show that the apparent Km for sucrose was unaltered by membrane potential (Fig. 4) . This suggests the binding affinity of the porter for sucrose is unaffected by Ai/. Since sucrose is an unchanged molecule, direct interaction with AO would not be expected. Membrane potential appears to exert its influence over a charge translocation step that, according to the observed changes in Vmax, may be rate limiting in the translocation process. It is not possible, based on the available data, to determine what the binding status of the carrier is when it was most sensitive to AO.
The increased rate of sucrose transport in the presence of a negative membrane potential (Fig. 2) suggests the symport may be driven by Ai\ as well as ApH. Buckhout (2) previously provided data in support of this hypothesis by demonstrating AO-dependent transport in the absence of ApH, although the rate of flux reported was only 10% of that seen for ApH. In the experiments reported here, much higher concentrations of potassium, 60 mM versus 2 mm (2), were loaded into the PMVs to ensure a stable potassium diffusion potential when Fig. 6 with the 20-fold K+ dilution in Fig. 5 ). These results provide further support for the chemiosmotic model that suggests proton-coupled transport systems can be driven by either component of AMH .
Proton Binding to the Symport The ability to drive the symport with A4, provided a simple experimental approach to examine the pH dependence of the symport, as opposed to the ApH dependence. Thus, A,/-dependent transport in Figure 5 was reported as a function of the pH of the transport solution. The acidic pH optimum observed here was previously reported for intact tissues (5, 6, 16) . However, in contrast to whole cell experiments, the pH dependence of transport activity reported here reflects proton binding to the symport only, and is not complicated by an indirect increase in the proton motive force as the pH is lowered. Interestingly, the curve in Figure 5 is typical ofcurves generated with pH titrations. This suggests an important pK may occur around a pH of 6.5. Significantly, this is close to the pK of histidine, an amino acid residue whose possible participation in the translocation mechanism has been previously suggested based on sensitivity to diethyl pyrocarbonate (3) .
Proton binding to the symport was also examined using ApH to drive sucrose accumulation. In these experiments, equal AAH+ potentials were used to drive sucrose flux as a function of the transport solution pH. To accomplish this, PMVs were equilibrated at desired pH values using a series of freeze-thaws. The vesicles were then diluted into transport solutions whose pH was buffered at exactly 1 pH unit less than the equilibrated pH of the PMVs. Vesicles were equilibrated at pHs of 8.0, 7.5, 7.0, and 6.0 and they were jumped into pH 7.0, 6.5, 6.0, and 5.0 transport solutions, respectively. Since the Ai/ of the PMVs was clamped at zero, these oneunit pH jumps should generate equivalent proton potential differences. This expectation was supported in experiments where the accumulation of ['4C]acetate, which is a reporter of ApH (18) , was the same for each one unit pH jump (not shown).
The rate of ApH-driven sucrose transport as a function of the transport solution pH exhibited an acidic pH optimum. When these data were plotted as a function of proton concentration, rather than pH, a simple hyperbolic curve was observed ( Fig. 6 ) and the Lineweaver-Burk plot was linear, yielding an apparent Km of 0.7 gM protons (Fig. 6, inset) . It is noteworthy that A4V (Fig. 5, pK 6 .5 (0.3 Mm) and ApH (Fig.   6 , Km = 0.7 gM) driven sucrose transport yielded similar results regarding proton binding.
The pH optimum for proton binding has important physiological consequences. Since the apoplastic pH of the leaf is approximately 5.5 (21) , the results presented here suggest the symport is probably not limited by proton binding. It would appear that the proton binding site of the symport is always occupied (protonated) and, therefore, only sucrose binding and the transmembrane AMH' limit optimum symport activity. Of course, specific regulation such as phosphorylation or allosteric binding could significantly modify symport activity.
Stoichiometry of the Proton-Sucrose Symport
The stoichiometry of the proton-sucrose symport is an important biophysical parameter because it defines, thermodynamically, the maximum level of sucrose accumulation attributable to symport activity and because this ratio provides physical information about the symport mechanism. Based on the kinetic models describing cotransport systems developed by Turner (22) , the hyperbolic dependence of sucrose flux on proton concentration shown in Figure 6 is consistent 8 1/s Figure 6 . ApH-dependent sucrose transport as a function of the transport solution proton concentration. The freeze-thaw procedure was used to equilibrate the intravesicular volume of the PMVs in treatment solutions which included 260 mm sorbitol, 30 mM K2SO4, 1 mM Mes, and 1 mm Hepes. The final pH was adjusted with Btp to 8.0, 7.0, 6.7, or 6.0. The PMVs were diluted 14-fold into transport solutions whose composition was exactly the same as the intravesicular volume of the diluted vesicles, except it also included 0.5 mm sucrose, 5 jM valinomycin, and the pH was adjusted at one pH unit less than the vesicles pH. This treatment resulted in a 1 0-fold proton concentration difference across the plasma membrane and clamped A4, at zero mV.
with a stoichiometry of 1:1. If two or more protons were required per sucrose translocated, the data in Figure 6 would exhibit a sigmoidal relationship. Although the data in Figure  6 are consistent with predictions based on Turner's kinetic model (22) , it is not valid to use this fit as the only criterion in support of a specific molecular mechanism. Therefore, a direct measurement of both proton and sucrose flux was also used to determine the stoichiometry of the proton-sucrose symport.
The rationale behind these experiments was to use a steep sucrose diffusion gradient to drive the symport and to measure independently the flux of both protons and sucrose. By using a sucrose concentration difference to drive the system, it was possible to use a sensitive proton selective-electrode and electrometer to quantify the sucrose-dependent depletion of protons from a weakly buffered transport solution. In parallel experiments, symport-dependent sucrose flux was measured as PCMBS-sensitive ['4C]sucrose accumulation. This was necessary because a ApH-independent transport system, which is insensitive to PCMBS, is also present in these vesicle preparations (3). Initially, both ApH and A4, were clamped at zero.
However, although a sucrose-dependent increase in the transport solution pH was observed, it saturated too quickly to get meaningful rates of initial proton flow. One possible explanation for this observation is that the sucrose concentration within the vesicles rose quickly and, thereby, dissipated the diffusion gradient driving the symport. Figure 7 . In the absence of sucrose, a linear rate of proton uptake was measured as protons entered the vesicle by sucrose-independent pathways. This flux was driven by the ApH introduced as a consequence of preloading with invertase in a weakly buffered solution. When 18 mm sucrose was added, an increased proton conductance was recorded. This proton flux was specific for sucrose since a similar increase was not observed when 18 mM raffinose, a carbohydrate which shows no affinity for the proton-sucrose symport, was added (3). In parallel experiments, symport mediated sucrose flux was measured as the difference between ['4C]sucrose accumulation in the absence and presence of 1 mM PCMBS. Based on these quantitative measurements, symport-dependent proton and sucrose uptake were 2.4 + 0.3 nmol H+/mg min-' and 2.95 ± 0.56 nmol sucrose/mg min-', respectively, and the resultant proton to sucrose stoichiometry was 0.81. Taken together with the data in Figure 6 and Turner's kinetic model (22) , it is concluded that the stoichiometry of the protonsucrose symport is 1:1. The apparent underestimation of proton flux may be the result of buffering by the membrane vesicles or the result of proton-glucose efflux from the PMVs as glucose builds up due to invertase activity. Proton-glucose cotransport has been observed in these vesicles (DR Bush, unpublished data). A 1:1 stoichiometry is consistent with the measured stoichiometries of other ion-sugar cotransport systems (23) and Lin's estimate for proton-sucrose cotransport into protoplasts isolated from soybean cotyledons ( 14) . These results are also significant because they provide unequivocal evidence of coupled sucrose and proton transport.
Since the proton:sucrose stoichiometry sets a thermodynamic limit on the maximum sucrose accumulation ratio which the symport can achieve (i.e.ASu, A'LH+), it is important to ask whether the 1:1 stoichiometry reported here can account for physiologically relevant sucrose concentration gradients. Although a direct role for the proton-sucrose symport in phloem transport has yet to be demonstrated (3), the sucrose concentration gradient between the leaf mesophyll cells and vascular tissue is one of the largest found in the plant and, therefore, the following calculations are based on these concentration differences. If we use standard estimates of cytoplasmic pH (7.5), apoplastic pH (5.5), and the electrogenic component of Ai/ (-80 mV), then the proton motive force available to drive sucrose transport is -198 mV at 25°C. This represents enough free energy to drive a reaction, assuming 100% efficiency, at least three orders of magnitude away from equilibrium. Based on osmotic pressure differences and estimates of apoplastic sucrose concentrations, the sucrose concentration of sieve elements and mesophyll cells in sugar beet leaves is approximately 0.8 and 0.02 M, respectively (7, 20) . The free energy needed to maintain this concentration difference is -94 mV. Even if the concentration differences were 0.8 and 0.001 M, representing a AG of 172 mV, the free energy available in the proton electrochemical gradient is theoretically large enough to maintain this difference. Thus, thermodynamic considerations suggest a 1:1 stoichiometry can account for the sucrose concentration differences found in photosynthetically active leaf tissue.
The results presented here provide insight into the biochemical characteristics of the proton-sucrose symport. Symport mediated sucrose transport was electrogenic (Fig. 2) , it was driven by bothApH and A#, (Figs. 1 and 5) , the binding affinity of the symport for protons (Km -0.7 uM) was much higher than that for sucrose (Km = 1 mM), and the stoichiometry of the symport was 1:1. These observations are summarized in a simple model of the symport system (Fig. 8) . This model also underscores several important biochemical questions that must be answered before the molecular details of protonsucrose cotransport can be understood.
